An ethyl-labeled phosphatidylcholine hydroperoxide (PC-OOH/Et 2) was synthesized as a molecular probe for naturally occurring PC-OOH 1. Applying the precursor ion scan mode in tandem ESI mass spectrometry at m=z 198, a signal of the PC-OOH/Et 2 alone could be selectively detected even in the presence of a large excess of a complex mixture of phospholipids in the blood. Furthermore, molecular species that formed from PC-OOH/Et 2 by its degradation in the blood were also observed in the same spectrum. Since the molecular probe-and-mass spectrometry-assisted analytical method presented herein requires no separation process by HPLC or TLC and is speedy, requiring less than 1 h, it may be useful in lipid analysis.
Highly sensitive, selective analytical techniques are very important in the development of the biological sciences. Usually, however, separation and identification of specified molecules from complex mixture of various biological samples require tedious procedures and a great of time. Recent developments in mass spectrometry 1) have shed light on the analysis of complex biological molecules. Especially, electrospray ionization and matrix-assisted laser desorption ionization are recognized as powerful techniques in combination with collisionally induced dissociation (CDI) of ionic species in tandem mass spectrometry. Multiple reaction monitoring (MRM) method, for example, has made it possible to identify a particular molecular species in a complex mixture of structurally different but very similar molecules, and this method has been used for quantitation of particular molecular species. Even by this method, however, it is very difficult to trace structural changes in a specific molecular species in a complex mixture of similar molecules. Hence, our strategy in the present study is based on the use of slightly modified molecular species and selective detection by the CDI method in ESI tandem mass spectrometry to differentiate one species from any other natural species. If the strategy is followed, no separation procedure is required for a given natural component. This method was tested by tracing chemical changes in a phospholipid hydroperoxide 2 in human blood for these reasons.
Phospholipids are major components of cellular membranes. Their roles are deeply related to a number of forms of important biological signal transduction. In all of these processes, phospolipids are subjected to changes in their chemical structure by enzymatic catalyses. Non-enzymatic structural changes in phospholipids are also known to occur at the sites of non-conjugated all-cis-olefinic structures in the polyunsaturated fatty acyl group of glycerophospholipids. 2) Biological lipid samples including foods consist of a variety of phospholipid molecular species including phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylserine (PS) etc. Moreover, there are a number of species for one class of phospholipids in biological samples. For example, PC has congeners that have a common choline phosphate structure called the polar head group, but they are different each other in their acyl group structure at the sn-1 and 2-positions of the glycerol backbone. 3) Hence, when we analyze biological phospholipids as a mixture by HPLC or HPLC/mass spectrometry, many peaks are usually observed, and their identification is possible only through elaborate works. This situation makes it even more difficult to trace structural changes in a specified phospholipid molecular species. Therefore, structurally similar but unnatural phospholipids molecular species such as PC-OOH/Et 2, the structure of which is slightly different from natural phosphatidylcholines, are very useful, since they can be detected selectively in precursor ion scan mode in tandem ESI MS spectrometry. For example, in precursor ion scan mode, when we use m=z 198 as a product ion of y To whom correspondence should be addressed. Tel: +81-86-251-8292; Fax: +81-86-251-8388; E-mail: babanaom@cc.okayama-u.ac.jp PC-OOH/Et 2 instead of the natural choline phosphate moiety (m=z 184), mass spectrometry detects PC-OOH/ Et 2 and its derivatives that have the ethyl group in a strictly selective manner. Although labeling of PC-OOH 1 is also possible with 13 C or 2 H instead of the ethyl group, they might not be better than the ethyl group due to more inconvenient handling and higher prices. By using PC-OOH/Et 2, other species with the ethyl group that are produced from PC-OOH/Et 2 by chemical or enzymatic reactions can also be detected as well using m=z 198. To demonstrate this concept, we decided to use a hydroperoxide PC-OOH/Et 2 in particular from the background described below.
Non-conjugated all-cis olefinic structures in polyunsaturated fatty acyl groups in phospholipids are very sensitive to oxidation affording hydroperoxides as a primary product.
2) Further degradation of them is welldocumented to afford aldehydes, 4) which are reactive to biological nucleophiles such as an amino group in lysine. Glycerophospholipids with such aldehyde groups have been noted in recent years to show a variety of physiological activities 5) including activation of antiinflammatory processes through inhibition of lipopolysaccharide (LPS) by oxidatively modified phospholipids in cells and tissues.
6) The primary oxidation product, phospholipid hydroperoxides (PC-OOH, 1 in Scheme 1) can also be detected in human blood albeit at very low concentrations, and they are known to increase remarkably under some pathological conditions and aging. 7, 8) It is unknown, however, whether the increase is a cause of disease or simply a result of pathological conditions. 9) Our previous study demonstrated that the phosphatidylcholine hydroperoxide showed no cytotoxicity toward cultured human endotherical cells, which are known to be very sensitive to oxidative stress. 10) This suggests that phospholipid hydroperoxide itself is not a cause of pathology and aging. Therefore, the actual role of phosphatidylcholine hydroperoxide in biological systems remains to be uncovered. Thus, the fate of phospholipid hydroperoxides in biological systems might give us important information for an understanding of their physiological roles. Also, the problem of lipid peroxidation is one of the central problems in food deterioration.
In the present study, therefore, we explored the usefulness of a molecular probe, PC-OOH/Et 2, to detect it and trace its chemical changes in biological samples such as human blood in a precursor ion scan mode by ESI tandem mass spectrometry. A methyl group in PC-OOH 1 was replaced by an ethyl group in the structure of PC-OOH/Et 2.
PC-OOH/Et, 2, was synthesized basically according to our reported method (Scheme 1).
11) Briefly, lyso-form 3 was esterified with linoleic acid using dicyclohexylcarbodiimide and dimethylaminopyridine to give linoleoyl-PC/Et 4. The linoleoyl group was peroxydized with oxygen gas in the presence of soybean lipoxygenase in sodium borate buffer (pH 9, 0.1 M) at 0-5 C for 6 h in the presence of butylated hydroxytoluene (BHT) as an antioxidant to prevent auto-oxidation. The product, hydroperoxide 2, was further purified by preparative HPLC (Inertsil ODS-2, 2 Â 25 cm, GLscience, Tokyo) eluted with CH 3 OH/CHCl 3 /H 2 O (100:4.5:5).
12)
1 H NMR (Varian Mercury 300) and ESI MS confirmed structural integrity and purity. ESI MS was conducted using a Perkin-Elmer SCIEX (Thornhill, Canada) API-III tandem quadrapole mass spectrometer. A mixture of CH 3 CN/CH 3 OH/H 2 O (215:194:16) with 0.1% ammonium acetate was used as solvent, and the sample solution was introduced by direct infusion for spectral acquisition. In product ion scan mode, PC-OOH/Et 2 showed a single peak at m=z 198 as a product ion in ms/ms scan mode, which was different from 184 by 14 mu (CH 2 ) in natural phosphophatidylcholine 1 (spectrum not shown). Thus, when using m=z 198, a single peak of PC-OOH/Et 2 was observed at m=z 832.8, as shown in the spectrum in Fig. 1A . Since there is no phospholipid that has m=z 198 as a product ion in natural biological systems, only the peak of 2 should be observed in the ESI MS even in the mixture of complex biological lipids. To test this, tracing of the chemical change of 2 in the blood was examined as follows: Fresh whole human blood (500 ml) with anti-coagulant heparin was mixed with 2 (250 mg, 30 nM) and incubated with gentle stirring at 18 C for 5 min in a nitrogen atmosphere. Then, neutral lipids, including cholesterol and triglycerides, in the sample were extracted by acetone supplemented with a trace of BHT as an antioxidant to prevent auto-oxidation of polyunsaturated olefinic structures in fatty acyl groups of the phospholipids in the blood. The total polar phospholipid in the residue was extracted 3 times by the Bligh-Dyer method 13) using a mixture of CHCl 3 /CH 3 OH (2:1) (2 ml) and a trace of BHT. After removal of the solvent under reduced pressure, the residue was dissolved in a Fig. 1B , indicating the presence of a variety of polar lipids, such as PC, PE, PS, PG, PI, and sphingolipids in the blood. In this spectrum, however, no peak for 2 was found because of its low concentration as compared to the total lipids in the blood. However, when we scanned in precursor ion scan mode using m=z 198, a single peak for 2 was found at m=z 832.8, as shown in Fig. 1C indicating that 2 could be recovered from the blood and detected selectively from the complex mixture of lipids. As seen in Fig. 1C , in addition to the major peak at m=z 832.8, a new peak appeared at 816.6, which is less than 832.8 by 16. Since 16 is the atomic mass of oxygen, the molecular species of the peak should have C-OH instead of C-OOH. We reported that this deoxygenation occurred in vitro via cleavage of the OOH group to give hydroxy form 5 (Scheme 2). 13) In the blood, however, there is a possibility that phospholipid gluthathione peroxidase catalyzed the deoxygenation. The spectrum of the extracted lipids recovered from the blood after 24 h of incubation is shown in Fig. 1D . In this spectrum, a new peak at m=z 692.6, less than 140 mu from 832.8, was observed and assigned as PC/Et 6 with an aldehyde A, Spectrum of PC-OOH/Et 2 in precursor ion scan mode using m=z 198 as product ion. B, Spectrum of the lipid fraction extracted from human blood containing PC-OOH/Et 2 in positive ion Q1 scan mode. C, Spectrum of the lipid fraction extracted from human blood containing PC-OOH/Et 2. PC-OOH/Et 2 was extracted after 5 min incubation. The precursor ion scan mode was selected using m=z 198 as product ion. D, Spectrum of lipid fraction extracted from the human blood containing PC-OOH/Et 2. PC-OOH/Et 2 was extracted after 24 h incubation. The precursor ion scan mode was selected using m=z 198 as product ion. Phosphatidylcholine Having an Ethyl Group as a Molecular Probegroup. This is the same product given by the well-known Hock cleavage by the action of Fe 2þ or heating. 14) As also depicted in Scheme 2, it is known that this aldehyde group is oxidized non-enzymatically to carboxylic acid. 15) Therefore, the molecular species that had m=z 709.0 can be considered to be acid PC/Et 7, whose molecular mass is larger than that of the aldehyde PC/Et 6 by 16 mu (one oxygen atom). A molecular species that showed a peak at m=z 849.8 is PC-OOH/ Et 2 with an ammonium ion (NH 4 þ , 18 amu). Based on the observations in the present study, it was found for the first time that the structural changes can be traced by employing ethyl-labeled PC-OOH as a molecular probe and analyzing it by tandem ESI mass spectrometry. This method is strictly molecular probeselective even in the presence of a large excess of a complex phospholipid mixture, and it is speedy, requiring less than 1 h after extraction from the blood with no isolation procedure by the chromatographic method. Thus, the method might be useful in tracing timedependent structural changes in a specific lipid. It might also be expanded to the analysis of other lipids in dynamic biochemistry.
